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The proton-rich isotope 68Br was discovered in secondary fragmentation reactions of fast radioactive 
beams. Proton-rich secondary beams of 70,71,72Kr and 70Br, produced at the RIKEN Nishina Center and 
identiﬁed by the BigRIPS fragment separator, impinged on a secondary 9Be target. Unambiguous particle 
identiﬁcation behind the secondary target was achieved with the ZeroDegree spectrometer. Based on the 
expected direct production cross sections from neighboring isotopes, the lifetime of the ground or long-
lived isomeric state of 68Br was estimated. The results suggest that secondary fragmentation reactions, 
where relatively few nucleons are removed from the projectile, offer an alternative way to search for new 
isotopes, as these reactions populate preferentially low-lying states.
 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The binding energy of a nucleus is a result of the interactions 
of all proton and neutron constituents. At the limits of nuclear 
binding, the neutron and proton drip lines, the separation ener-
gies become zero. A huge discovery potential is provided by the 
predicted 6900(500) bound nuclei [1], compared with 3252 discov-
ered to date [2,3]. In recent years, new isotopes have been mainly 
discovered by projectile fragmentation or ﬁssion of high intensity 
primary beams [4–11]. Most notably, the discovery of 60Ca, with 
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Z = 20 and N = 40 a doubly closed Harmonic Oscillator shell nu-
cleus, at the RIKEN Nishina Center [12] demonstrated the power of 
this technique.
On the proton-rich side, the limits of binding are experimen-
tally established up to A ∼ 80, as the repulsive Coulomb force 
between the excess protons puts it much closer to the valley of 
stability. The Coulomb interaction, combined with the angular mo-
mentum barrier, can lead to long lifetimes of nuclei beyond the 
drip line, i.e., with negative proton separation energies. Such res-
onances can be reconstructed from the invariant mass measure-
ment of the decay products. In some cases, these unbound nuclei 
https://doi.org/10.1016/j.physletb.2019.06.014
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are even suﬃciently long lived to be measured as beam particles 
following projectile fragmentation and uniquely identiﬁed by mea-
surements of Z and A. For instance, the odd-odd isotope 72Rb has 
been discovered and found to possess a half-life of 103(22) ns [8], 
whereas the less exotic 73Rb is particle-unbound and unobserved 
with an upper limit for its half-life of 30 ns [13]. This fascinating 
observation of an odd-odd Z > N isotope being longer-lived than 
its odd-even, less exotic neighboring isotope triggers the question 
whether this is an exceptional case or an indication of the stabiliz-
ing effect of the proton-neutron interaction.
In the vicinity of 72Rb, the next heaviest case where the proton-
neutron interaction could stabilize an odd-odd nucleus against im-
mediate proton emission is 80Nb, as 81Nb does not exist or is 
extremely short-lived [14]. For even heavier nuclei, the drip-line 
is not well established. In lighter nuclei, several candidates for a 
more stable odd-odd nucleus than their less exotic neighboring 
isotope exist. As suggested for 72Rb, the existence of such bridge 
nuclei may have implications on the nucleo-synthesis in the rapid 
proton capture process (rp-process) [15]. Particularly the isotope 
68Se, with a half-life of 35.5 s a waiting-point for the rp-process, is 
of high signiﬁcance, as the proton capture reaction on 68Se would 
lead to the proton-unbound nucleus 69Br. Two-proton capture on 
68Se allows this waiting point to be bypassed but the reaction rate 
depends exponentially on the proton separation energy of 69Br. 
Alternatively, the rp-process could bypass the 68Se waiting point 
through sequential proton capture on the lighter selenium isotope 
67Se, leading to an intermediate 68Br and ﬁnally to 69Kr. This sce-
nario, however, requires the nucleus 68Br to be bound, or at least 
suﬃciently long-lived for proton capture.
In a search for new isotopes, proton-rich N = 33 nuclei were 
produced at the NSCL [16], and 68Br remained unobserved sug-
gesting that the isotope is unbound with a lifetime signiﬁcantly 
shorter than the flight time through the separator. Also theoret-
ical calculations as well as extrapolations from measured masses 
and Q -values predict that 68Br is proton-unbound. Global mass 
predictions using the ﬁnite range droplet model predict Sp =
−110 keV [17], while Hartree-Fock based calculations of Coulomb 
displacement energies result in Sp = −710 keV [18]. The latest 
atomic mass evaluation extrapolates the proton separation energy 
of 68Br to −500(250) keV [19]. Based on the above separation 
energy predictions, the lifetime estimates for 68Br range from sec-
onds to picoseconds when a barrier penetration model with the 
Wentzel-Kramers-Brillouin (WKB) approximation is applied. The 
shorter values are consistent with the non-observation after the 
flight time through the A1900 fragment separator of ≈ 440 ns [16]. 
Also the most recent search for new neutron-deﬁcient isotopes, 
carried out at the RIBF, identiﬁed the N = 29, 31, 32 isotopes 63Se 
and 67,68Kr, but no event of 68Br was observed [20]. As the frag-
ment separator setting of BigRIPS [21] was centered on the N = 30
isotopes 65Br and 64Se, the large acceptance allowed only for par-
tial transmission of N = 33 isotones, and no limit on the lifetime 
of 68Br could be established. From the non-observation of 68Br in 
an earlier measurement performed at GANIL [22], an upper limit 
of τ < 325 ns could be deduced.
In this Letter, we report on the ﬁrst observation of the iso-
tope 68Br produced in secondary reactions of radioactive beams 
and provide a new lower lifetime limit for 69Br. For the latter nu-
cleus, initially claimed observations [23] could not be conﬁrmed 
later [13,22].
The experiment has been performed at the Radioactive Isotope 
Beam Factory, operated by RIKEN Nishina Center and CNS, Uni-
versity of Tokyo. Radioactive nuclei in the vicinity of the N = Z
line were produced by projectile fragmentation of up to 250 pnA 
of 78Kr primary beam at 345 MeV/u impinging on a 5 mm thick 
Be target. Secondary beams were puriﬁed and analyzed using the 
Fig. 1. Particle identiﬁcation plot for the ZeroDegree spectrometer for 70Br imping-
ing on the 9Be secondary reaction target. 68Br is observed at Z = 35, A/q = 1.943
(green ellipse), 69Br is absent (red ellipse).
Bρ −E − TOF technique in the BigRIPS separator [21]. The flight 
time of the secondary beam through the separator amounted to 
∼ 450 ns. The fragmented secondary beams, which contained the 
isotopes 70Br, 71Kr, and 72Kr at energies around 170 AMeV, im-
pinged on a 703(7) mg/cm2 secondary Be reaction target located 
at the F8 focal point of the BigRIPS beam line. Knockout and few 
nucleon removal reaction products were analyzed in the ZeroDe-
gree spectrometer [21]. The flight time through this spectrom-
eter amounted to ∼ 270 ns. Unique particle identiﬁcation was 
achieved by measurements of energy loss, time-of-flight (TOF), and 
Bρ . Fig. 1 shows the particle identiﬁcation plot for the ZeroDe-
gree spectrometer following 70Br impinging on the secondary re-
action target. The proton-unbound nucleus 69Br, indicated by the 
red ellipse for its expected location, is clearly not observed. This 
non-observation is in agreement with the upper limit on its half-
life of 24 ns [13]. In contrast, 12 events are observed at Z = 35, 
A/q = 1.943 (green ellipse), corresponding to 68Br. After correc-
tion for the detection eﬃciency and the transmission through the 
spectrometers, the yield of 68Br amounts to 14.7(50)(18) with sta-
tistical and systematic uncertainties, respectively. The systematic 
uncertainties include the target thickness, detection eﬃciency, and 
transmission of the ZeroDegree spectrometer. Furthermore, 20 (12) 
events of 68Br have also been observed following the secondary 
fragmentation of 71Kr (72Kr) measured within the same experi-
mental settings for BigRIPS and ZeroDegree. In the latter cases, 
however, background events of misidentiﬁed Kr nuclei have to be 
subtracted. Such events are caused by contamination from 71Kr 
events undergoing reactions in the beam line detectors, especially 
in the plastic TOF stop detector and the ionization chamber at the 
ﬁnal F11 focal point. Note that for these events the atomic charge 
Z determined from the energy loss in the ionization chamber lo-
cated behind the plastic scintillator can be lower. This leads to 
tails in the Z identiﬁcation. For 68Br, the background can be es-
timated from comparison to the ratio of 71Kr events and falsely 
observed 69Br. Such a comparison leads to about 0.2% of the 70Kr 
events creating a signal in the 68Br region. This is in agreement 
with the estimated reaction rate using LISE++ [24] simulations. 
For the cleanest case of the 70Br beam shown in Fig. 1, the es-
timated background in the region of interest amounts to 0.15(2) 
events, while 12 have been observed. The estimated background 
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Table 1
Number of observed events in the region of interest (ROI) of the particle identiﬁcation plot, estimated background events, and 
corrected yields for the new isotope 68Br. The inclusive lifetime is obtained from the yield at F11 compared to the expected 
yield calculated from the average -xpyn reaction cross sections of the same type. The uncertainties include the statistical 
uncertainties, the systematical uncertainties arising from the transmission through the ZeroDegree spectrometers, and the 
fluctuations of the cross sections for different isotopes as shown in Fig. 2.
Beam Reaction Events in ROI Background Corrected yield σ−xpyn(ave.) (mb) Expected yield 〈τ 〉 (ns)
70Br -2n 12 0.15(2) 14.7(50)(18) 0.57(21) 1740(710) 51(6)
70Kr -1p1n 140 113(3) 33(16)(4) 82(12) 2240(500) 57(7)
71Kr -1p2n 20 9.0(3) 13.7(60)(12) 5.7(12) 2690(720) 46(6)
72Kr -1p3n 12 3.8(2) 10(4)(2) 0.32(8) 1130(340) 51(6)
Fig. 2. Cross sections for various nucleon removal reactions. The x-axis is labeled 
with the projectile symbol. The statistical (black) and total (red) uncertainties have 
been taken into account to calculate the weighted cross sections for a certain reac-
tion type. The green band shows the average and the fluctuations (standard devia-
tion) which is used as an estimate for the uncertainty of the reaction cross section 
to 68Br.
for the different reaction channels is summarized in Table 1 to-
gether with observed events and transmission corrected yields.
The measured yield is affected by the decay of 68Br along the 
path to the ﬁnal focal plane. In order to estimate the inclusive 
lifetime with respect to the state populated in the secondary frag-
mentation reaction (particle bound or unbound), the number of 
produced 68Br ions needs to be estimated. Besides the reactions to 
68Br, the analogue -xpyn removal reactions have been measured in 
the same experiment for various isotopes in the same mass region. 
These reaction cross sections vary little between different isotopes. 
These reaction cross sections are shown in Fig. 2. The weighted av-
erage of the cross sections σ−xpyn(ave.) for various -2n, -1p1n, and 
-1p2n reactions have been calculated to estimate the production of 
68Br at the secondary target. In the case of the -1p3n reaction, only 
one other case besides the 9Be(72Kr,X)68Br reaction was within the 
acceptance of ZeroDegree. The cross section for the 9Be(71Br,X)67Se 
reaction amounts to σ = 0.32(6)(5) mb. These cross sections and 
the corresponding expected yields Y−xpyn(exp.) are also given in 
Table 1.
The lifetime of 68Br has then been estimated from the length of 
the flight path to the focal plane TZDS using the relation including 
the relativistic γ factor to account for the time dilation:
τ =
1
γ
tZDS
ln (Y−xpyn(exp.))− ln (Y−xpyn(68Br))
(1)
Estimated values, which range between 45–57 ns, are included in 
Table 1. It should be noted that the uncertainties on the lifetime 
are rather insensitive to the average cross sections determined 
from Fig. 2. A factor of two scaling of the number of expected 
counts results in a lifetime difference of less than 10 ns. The ex-
pected counts listed in Table 1 are the ﬁnal state inclusive ones, 
but fewer bound states are expected for 68Br in comparison to the 
neighboring, less proton-rich, nuclei. For a few cases statistics were 
suﬃcient to analyze also the exclusive cross sections using the 
DALI2 γ -ray spectrometer [25] (details are found in Ref. [26]): The 
two-neutron removal reactions from 72Kr, the -1p1n reactions from 
72Kr and 71Br, as well as the -1p2n reaction from 71Br. Analysis of 
these reaction channels revealed 65–90% ground state population 
(or very low-lying, unobserved, states below 200 keV in the case 
of the 9Be(71Br,X)69Se reaction), and are thus comparable to the 
available ﬁnal states of 68Br.
The production of 68Br through few-nucleon removal reac-
tions from neighboring isotopes populates preferentially low-lying 
low-spin states in the ejectiles, while in the direct fragmentation 
of 78Kr population of very short-lived particle-unbound states at 
higher excitation energy are favored. Additionally, shorter flight 
times enhance the survival probability of secondary reaction prod-
ucts with very short lifetimes. Both effects may explain the non-
observation of 68Br in the secondary beams of earlier searches for 
new isotopes. With an estimated lifetime around 50 ns, 68Br could 
nevertheless have been observed also at the BigRIPS separator [20]
or at the NSCL [16]. In the present experiment, a conservative 
upper limit for the experimental yield of 68Br after the BigRIPS 
separator amounted to 200 counts, which is more than two orders 
of magnitude lower than for 70Kr. With the EPAX3 parametriza-
tion [27], the calculated cross section for the production of 68Br 
amounts to σ = 1.29 · 10−5 mb, a factor of two higher than for 
70Kr. This suggests that states of 68Br produced in the fragmen-
tation of the primary beam are short-lived, with lifetimes much 
shorter than the flight time through the separator, in line with the 
non-observation of 68Br in earlier experiments [16,20]. The present 
experiment was not optimized for 68Br and therefore the trans-
mission of this isotope is not well determined. Therefore, an upper 
limit on the lifetime of 68Br cannot be obtained from the primary 
beam fragmentation.
The fragmentation of the primary 78Kr beam is expected to 
produce 68Br mainly through proton evaporation from the pre-
fragment 69Kr. In the Abrasion-Ablation model [28], mean excita-
tion energies of the pre-fragments around 100 MeV are predicted. 
Thus, the survival probability of exotic fragments around the drip-
lines is rather low, even if the angular momentum barrier is taken 
into account. For the present case, the mean angular momentum 
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Fig. 3. Lifetime τ of 68Br calculated using a barrier penetration model. For vari-
ous values of the angular momentum transfer L of the decay, the lifetime depends 
strongly on the separation energy Sp =−E p . The extrapolation of the atomic mass 
evaluation amounts to −500(250) keV [19], indicated by the arrow.
is estimated [29] at 〈 J 〉 ∼ 5h¯ with a width (σ ) of 5h¯. This favors 
population of medium- and low-spin states. Conversely, the few 
nucleon removal reactions from radioactive secondary beams ob-
served in this experiment predominantly populate the ground state 
directly. As a consequence – and in combination with the much 
lower flight time for identiﬁcation –, the much lower secondary 
beam intensities were overcome, allowing the ﬁrst observation of 
the very exotic nucleus 68Br.
Similar arguments can also be used to estimate the production 
cross section of 69Br through one-neutron knockout from the 70Br 
nucleus. On average, the one-neutron knockout cross sections for 
A ∼ 70 nuclei amount to 32(7) mb, with some dependence on the 
separation energy when approaching the drip-line (see Fig. 2 (d)). 
Assuming this cross section for the 9Be(70Br,X)69Br reaction, on the 
order of 9 · 104 counts should have been observed in the particle 
identiﬁcation plot shown in Fig. 1. The non-observation leads to 
a 5σ upper limit of 15 true events in the region of interest at 
69Br. With the lifetime estimate from Eq. 1 this leads to a very 
conservative upper limit of τ < 28 ns for the lifetime. It has been 
argued previously that the non-observation of 69Br could be due to 
the preferred population of isomeric states, with shorter lifetimes 
than the ground state and a large particle decay width [30]. The 
non-observation in the present direct reaction, however, suggests 
that the ground state itself is unbound with a very short lifetime.
Going one step further, the proton-separation energy can be es-
timated by applying a barrier penetration model with the WKB ap-
proximation. Assuming that the lifetime of τ ∼ 50 ns corresponds 
to the ground state of 68Br, its separation energy is calculated to 
be of the order of Sp = −600 keV. Fig. 3 shows these calculated 
lifetimes τ as a function of the energy E p (proton separation en-
ergy Sp = −E p) for various values of the angular momentum of 
the proton decay L. Spherical Woods-Saxon type potentials were 
used to model the nuclear potential in these calculations.
The ground state spin and parity of 68Br is unknown, but the 
one for the mirror nucleus, 68As, is known to be Jπ = 3+ , and, us-
ing isospin symmetry arguments, the same can be assumed for 
68Br. The proton decay daughter 67Se has a Jπ = 5/2− ground 
state and an almost degenerate low-lying 3/2− state [31]. The 
emission of a f5/2 proton with L = 3 is consistent with the life-
time estimate for 68Br and a proton separation energy of Sp ≈
−600 keV. Conversely, decay to the 3/2− state via the emission 
of a L = 1 p3/2 proton would suggest that 
68Br is more bound, 
with Sp ≈ −480 keV. Unfortunately, the structure of 
68Br can-
not be inferred from the present experiment and future studies 
of β-delayed proton emission from 68Kr similar to the study of 
69Br [16] are required to clarify this situation.
In summary, the isotope 68Br, located beyond the proton drip-
line, has been observed for the ﬁrst time. In contrast to previous 
attempts to produce 68Br, the production by few-nucleon removal 
reactions from radioactive secondary beams leads to the popu-
lation of low-lying states. Comparison of the observed yield to 
similar reactions in the same mass region leads to a lifetime es-
timate of about 50 ns for 68Br. Its existence can be explained by 
a stabilization through the proton-neutron interaction. The same 
feature might also occur in other odd-odd nuclei beyond the drip-
line. 62As, 58Ga, 48Co, 44Mn, 38Sc, and potentially others could be 
more stable than their less exotic even-odd neighboring isotopes. 
The production of nuclei at and beyond the proton drip-line in 
the rapid proton capture process can then influence its timescale 
through the potential by-pass of waiting points and the light curve 
or ﬁnal abundance of nuclei. It is therefore important to study 
the stability of these nuclei, and, as presented in this study, the 
production by few-nucleon removal reactions instead of fusion 
evaporation or projectile fragmentation could be better suited as 
a discovery tool for nuclei beyond the proton drip-line. We con-
clude with the remark that the observation of 68Br through the 
secondary reactions and not in the fragmentation of the primary 
beam suggests that states populated through the fragmentation re-
action are unbound and particle-decay before observation is possi-
ble. Conversely, few-nucleon removal reactions predominantly pop-
ulate low-lying states. Therefore, lifetime estimates obtained from 
the observation or non-observation of isotopes produced by pro-
jectile fragmentation of primary beams might be off by orders of 
magnitude.
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